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Abstract
We present hydrodynamical simulations of interacting Coronal Mass Ejections in the In-
terplanetary medium (ICMEs). In these events, two consecutive CMEs are launched from the
Sun in similar directions within an interval of time of a few hours. In our numerical model, we
assume that the ambient solar wind is characterized by its velocity and mass-loss rate. Then,
the CMEs are generated when the flow velocity and mass-loss rate suddenly change, with re-
spect to the ambient solar wind conditions during two intervals of time, which correspond to
the durations of the CMEs. After their interaction, a merged region is formed and evolve as a
single structure into the interplanetary medium. In this work, we are interested in the general
morphology of this merged region, which depends on the initial parameters of the ambient
solar wind and each of the CMEs involved. In order to understand this morphology, we have
performed a parametric study in which we characterize the effects of the initial parameters
variations on the density and velocity profiles at 1 AU, using as reference the well-documented
event of July 25th, 2004. Based on this parametrization we were able to reproduce with a high
accuracy the observed profiles. Then, we apply the parametrization results to the interaction
events of May 23, 2010; August 1, 2010; and November 9, 2012. With this approach and
using values for the input parameters within the CME observational errors, our simulated pro-
files reproduce the main features observed at 1 AU. Even though we do not take into account
the magnetic field, our models give a physical insight into the propagation and interaction of
ICMEs.
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1 Introduction
CMEs are powerful solar eruptions that release huge amount of mass into the interplanetary
medium (IPM). Their masses can be as large as 1015-1016 g moving outwards at speeds ranging
from a few hundreds to thousands kilometers per second (Hundhausen, 1999). Interaction of
these eruptions with the solar wind lead to the formation of shock waves that travel through
the IPM (Pizzo, 1985). Several authors have investigated the CME propagation through the
inner heliosphere (Sun-to-Earth), which is a fundamental issue in space weather forecasting
(e.g. Gopalswamy, 2001; Vrsˇnak, 2001; Borgazzi et al. 2009; Liu et al. 2013). On the other
hand, few authors have addressed the dynamics of interacting events (Liu et al. 2012; Temmer
et al. 2012). In such cases, two consecutive CMEs launched from the Sun in similar directions
collide and the resulting merged structure interacts with the ambient solar wind (Burlaga et al.
2002; 2003). Based on the high rate of CME production (Yashiro et al. 2004; Gopalswamy
et al. 2016), it is possible that most of the ICMEs observed at 1 AU may be formed by the
interaction of two or more CMEs. This may be the main cause the failure in the models that
attempt to predict the travel time of a single CME. Thus, it is important to study both the CME
propagation through the IPM and the dynamics of the ICME-ICME interaction events. The
physics of these phenomena is not yet well understood, and hence, it is still one of the goals
for space research.
The detection of CMEs near the Sun can be achieved by coronagraphic observations, while
their counterparts ICMEs can be detected by multi-spacecraft in situ measurements. Conse-
quently, the identification of CME-ICME corresponding pairs is difficult (Lara et al. 2006),
just in a very few cases, it has been possible to track ICMEs from the Sun to the Earth by using
the STEREO heliospheric imager (see, for instance, Harrison et al. 2012; Lugaz et al. 2012;
Temmer et al. 2012) but the analysis of these images is not enough to understand the physics
behind their evolution. From a theoretical point of view, both, analytical and numerical models
have been developed for a better understanding of the ICMEs dynamical evolution, propaga-
tion and possible interaction among these structures. Both analytic models (e.g. Vrsˇnak 2001;
Borgazzi et al. 2009; Vrsˇnak et al. 2013) and numerical simulations (e.g. Xiong et al. 2007;
Shen et al. 2011; 2013; Lugaz et al. 2013) describe the evolution and propagation of a sin-
gle ICME by considering that the ICME dynamics is dominated by the aerodynamic drag. In
general terms, the ICME kinematics depends on the ICME and the ambient solar wind condi-
tions (speed and density) and a dimensionless drag coefficient. However, the number of free
parameters involved causes uncertainties in forecasting the ICME arrival. Even more, these
uncertainties increase when the ICME-ICME interaction takes place. Currently, the predic-
tion errors ranges from ±10 to 24 hours. The numerical models have good results about the
prediction of the arrival magnitude of the velocity and density of ICMEs, although, their per-
formance is relatively poor in terms of the time profile morphology of the in-situ parameters
(see for instance, Lugaz et al. 2008; Temmer et al. 2011; Manchester et al. 2014). In this work
we address this issue.
Recently, Niembro et al. (2015) have performed an analytic study of ICMEs interactions.
These authors applied the formalism developed by Canto´ et al. (2005) for velocity fluctuations
in the solar wind, in order to study the dynamics of two consecutive CMEs launched in the
same direction from the Sun. The collision yields a merged region that contains material ex-
pelled during both eruptions and propagates afterwards as a single structure. The time and the
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distance of the collision, as well as the arrival time at 1 AU of the merged region is predicted
for a set of well documented interaction events (January 24, 2007; May 23, 2010; August 1,
2010; and November 9, 2012) with a error of less than 2 h, but the in-situ parameter time
profiles can not be predicted with this approach. To address this issue, in this work, we have
performed hydrodynamical simulations for a single ICME and for the ICME - ICME interac-
tion events. We perform a parametric study of a single ICME to analyze which are the most
relevant quantities for the time profile morphology, and then to obtain the best numerical fit of
the density and velocity profiles.
This paper is organized as follows. In §2, we describe the numerical models. In §3, we
present the parametric study for the dynamics of a single CME as function of the input param-
eters. The numerical simulations of ICME-ICME interaction events, and the discussion of the
results are presented in §4. Finally, in §5 we give our conclusions.
2 The numerical models
We investigate through numerical simulations the propagation of a single CME into the solar
wind, as well as ICME-ICME interaction events. We focus on the ICME dynamics (macro-
scopic scale), assuming that the kinetic energy of the plasma is much higher and therefore
dominates over the magnetic field energy (see, for instance, Borgazzi et al. 2009).
In our models, we assume that, a CME, is a perturbation in which both, the ejection velocity
and the mass-loss rate suddenly increase, with respect to the pre-eruptive wind parameters, by
a constant factor (different for each parameter) and during a finite interval of time to then
resume the solar wind conditions again (see Figure 2 in Niembro et al. 2015). This step
function forms an outgoing two-shock structure, with an inner shock that decelerates the fast
ICME material, and an outer shock that accelerates the solar wind (see Appendix A). It has
been shown analytically by Canto´ et al. (2005) that two different stages in the dynamical
evolution of this structure are expected. Initially, the shocked layer propagates with constant
velocity, which is intermediate between the background wind speed and the velocity of the
material ejected during the eruption. In this first stage, the shocked material forms a dense
shell which grows in mass with time. Once all the fast material expelled during the CME
incorporates into the shell, the inner shock disappears while the outer shock continues accreting
the ambient solar wind, giving rise to the second stage of its dynamical evolution in which the
shell decelerates asymptotically approaching the solar wind speed.
In the particular case of two consecutive CMEs launched in similar directions into the IPM,
the corresponding ICMEs may collide before their arrival to the Earth, basically depending on
the initial parameters of the individual events and the interval of time between them. Niembro
et al. (2015) developed an analytical model of this interaction showing that the leading eruption
(ICME1) evolves as described above for the case of a single eruptive event, that is, the shocked
layer suffers two different stages in its dynamics: an initial constant velocity phase and a final
deceleration phase. Nevertheless, the trailing eruption (ICME2) leads to the formation of a
second shocked layer which evolves as follows: an initial constant velocity phase in which
this layer is fed by both the ICME2 and the pre-eruptive solar wind; a second acceleration
or deceleration phase, depending in which material, from the pre-eruptive solar wind or from
the ICME2 incorporates first to the shocked layer (compression region), respectively; and a
last phase of constant velocity after the ending of the accelerated/decelerated phase. Adopting
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the flow parameters of a set of well observed ICME-ICME interaction events, Niembro et al.
(2015) showed that the collision may occur in either stage of evolution of each ICME.
At 1 AU, an ICME is characterized by the arrival of a shock front driven by a compression
region which is followed by a low density structure (the CME) that corresponds to a rarefaction
zone. In our model, the shock structures correspond to the compression regions formed due
to the interaction between the ICMEs with the solar wind. In the present paper, we extend the
models developed by Canto´ et al. (2005) and Niembro et al. (2015) to the more realistic case
of numerical simulations. Firstly, we consider the propagation of a single ICME, and present
the results of a parametric study developed for investigating the dynamical evolution of the
shocked layer (compression region) and the rarefaction zone in terms of the initial conditions
of both the solar wind and the eruptive event. Secondly, we use these results to reproduce the
1 AU observations of ICME-ICME interaction events.
We select those events in which the ICMEs propagation axes are very close to the Sun-
Earth direction with high speeds and masses which allow us to neglect deflection and rotation
effects due to the magnetic field (Kay et al. 2015). This means, that the evolution of the
compression regions are dominated by the kinetic energy of the ICMEs (Siscoe et al. 2008)
and are independent of the internal magnetic field of the ICMEs (Riley et al. 2004; Owens et al.
2005). The in situ observatory is localized in the nose path of the ICME, allowing us to neglect
geometry and projection effects (Schwenn et al. 2005). Deviations of these assumptions are
considered limitations of our 2D model.
The numerical simulations have been performed using a 2D hydrodynamic version of the
adaptive grid code YGUAZU´-A, originally developed by Raga et al. (2000) and modified by
Gonza´lez et al. (2004a,b; 2010). The original code integrates the hydrodynamic equations
for the atomic/ionic species HI, HII, HeI, HeII, HeIII. The adopted abundances by number are
H=0.9 and He= 0.1. The flux-vector splitting algorithm of Van Leer (1982) is employed. The
simulations were computed on a five-level binary adaptive grid with a maximum resolution of
1.465 × 1010 cm, corresponding to 1024 × 1024 grid points extending over a computational
domain of (1.5× 1013 cm) × (1.5× 1013 cm) and time steps of 15 min. This code allowed us to
perform numerical simulations with better spatial and temporal resolution than those models
developed with the ENLIL code of our study cases which were done with a time step of 8 min
and a grid resolution of 256 x 30 x 90 (Falkenberg et al. 2010).
The computational domain is filled from an injection radius R up to 1 AU by an isotropic
flow with typical solar wind conditions, speed vSW and mass-loss rate m˙SW. It is well known
that the Sun has a strong magnetic field at its surface. Because the solar wind is completely
ionized, it has a high electrical conductivity and thus, the solar magnetic field is frozen into
the solar wind. Close to the Sun the solar magnetic field is very strong and dominates the
dynamics of the solar wind. However, at larger distances, the solar magnetic field is quite
weak (the radial component decreases as the inverse of the distance squared) and thus, not far
from the Sun the dynamical influence of the solar magnetic field on the dynamics of the solar
wind becomes negligible . The injection radius was estimated as the distance at which the role
of the magnetic field changes by comparing the kinetic energy of the flow with the magnetic
energy and find that the Alfvenic critical point is of only 20 R (Mihalas, 1978). Then, the
first eruption CME1 is launched during an interval of time ∆t1 within a solid angle Ω1 with an
ejection speed v1 (> vSW) and a mass-loss rate m˙1. Afterwards, the solar wind resumes until the
second eruption CME2 is expelled (with v2 > v1, m˙2, Ω2, during ∆t2). After the CME2, the
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solar wind conditions again resumes.
3 Parametric study of the dynamics of a single CME
In order to explain the time-dependent profiles of the observed in-situ physical properties of
the solar wind, we have performed a parametric study of the dynamics of a single CME as a
function of the injection parameters. Taking into account that the in-situ observed morphology
of a fast ICME is characterized by a shock front, a compression region and a rarefied zone,
in this section, we present a comparison between observations of the July 25, 2004 event with
numerical models computed by the YGUAZU´-A code.
Vrsˇnak et al. (2010) studied this event using different drag based models to investigate the
CME kinematics assuming that the velocity, the mass loss rate and the angular width of the
eruption, as well as the solar wind conditions change over time. These authors focused on the
CME transit-time, density, and speed at 1 AU. To compare our numerical predictions with their
results, we have performed three distinct simulations using the mean and extremes (minimum
and maximum) values of the angular width and solar wind density adopted by these authors.
In the Sun-Earth event of July 25, 2004, a CME was detected with a speed v = 1330 km
s−1, in which a total mass m = 1.1 × 1016g was expelled during an interval of time ∆t = 2.0 h
within a solid angle Ω/4pi ranging from 0.07 (which corresponds to an angular width of φ =
1.1 rad) to 0.36 (φ = 2.6 rad). Here, we adopt for the solar wind a terminal velocity vSW =
650 km s−1, and a number density n = 0.5 - 2.5 cm−3 at 1 AU. The corresponding ICME was
observed by the WIND spacecraft at a transit time TTobs =31.5 h and a velocity of vobs =1033
km s−1. All these parameters are consistent with those reported by Vrsˇnak et al. (2010).
Figure 1: Density (left panel) and velocity (right panel) profiles as function of time predicted for
the models listed in Table 1. The model MEDIUM, which is the best fit to observations, is shown in
green. The profiles in orange correspond to model MAX, while the profiles in blue are calculated
from model MIN. The in situ data obtained by WIND are shown in black with a smoothed time of
15 min, which coincides with the time resolution of our simulations.
Table 1 shows our numerical results for the MIN, MEDIUM, and MAX models, which
correspond to the minimum, mean and maximum values of φ and n, reported by Vrsˇnak et al.
(2010). The first column shows the corresponding CME angular widths and the second the
solar wind densities at 1 AU. Third, fourth, fifth and sixth columns are the transit time TT,
the difference between the observed transit time and the computed value ∆TT = TTobs − TT ,
the predicted velocity v, and the difference between the observed and calculated velocities
∆v = vobs − v, respectively.
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Table 1: Comparison between the predicted and observed arrival times and speeds at 1 AU.
φ n TT ∆TT 1 v ∆v 2
rad part cm−3 h h km s−1 km s−1
MIN 2.6 2.5 36.25 -3.65 888 112
MEDIUM 1.8 1.5 31.5 1.1 1033 -33
MAX 1.1 0.5 30.25 2.35 1319 -319
1 ∆TT = TTobs − TT , being TTobs the observed transit time and TT the calculated value.
2 ∆v = vobs- v, where vobs and v are the observed and calculated speeds at 1 AU, respectively.
In model MEDIUM, we forecast that the ICME delays 1.1 h with respect to the observed
arrival time, reaching the Earth with a velocity that differs only by ∆v =-33 km s−1 with
respect to the observed 1 AU speed. The largest transit time, TT=36.25 h, is obtained with
model MIN, which implies a relative difference of ∆TT =-3.65 h. As concerns the arrival
velocity, we predict that the major deviation from the observed speed is ∆v = −319 km s−1
predicted by model MAX.
Figure 1 shows the density and velocity profiles predicted by our numerical simulations.
Models MIN, MEDIUM, and MAX are depicted with blue, green and orange lines, respec-
tively. A comparison with the in situ data, obtained by WIND (black line), is presented. As
it can be seen in the figure, the shape of the predicted profiles depends on the set of initial
parameters of both the solar wind (mass-loss rate and ejection velocity) and the CME (speed,
total mass, angular width, and duration). Based on these changes of the computed profiles,
to further investigate this dependence, we carried out several numerical simulations varying
the initial conditions of the outflows. This parametric study may help to determine the most
relevant variables for the ICME forecasting.
In order to get an insight of the studied phenomena, we have varied the initial parameters
of the CME and study their impact on the predicted physical properties of the corresponding
ICME at 1 AU. We have adopted the July 25, 2004 event (previously described as the model
MEDIUM) as reference, and then, we vary one of the injection parameters while the others are
fixed. In the next subsections, we present the results obtained by computing different models
changing both the CME injection parameters (§3.1), and the solar wind conditions before and
after the eruption (§3.2).
3.1 Numerical models assuming different parameters of the CME
The three relevant parameters of the CME were modified in our analysis: the ejection velocity
v, the expelled mass m, and the duration of the eruption ∆t. In this case the solar wind param-
eters are fixed with a speed vSW =650 km s−1 and a mass-loss rate m˙SW =9.27 × 10−15 M y−1.
As reference values for the parameters, we use the model MEDIUM described in §2, that is,
v =1330 km s−1, m =1.1 × 1016 g, and ∆t =2.0 h. In Figure 2, we present the predicted density
and velocity profiles at 1 AU (left and right panels, respectively) adopting different parameters
of the CME: the expelled mass (top panels), the duration of the CME (middle panels), and
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the ejection velocity (bottom panels). The color bars at the right side of the figure shows the
corresponding values for each color line. The black lines represents the reference density and
velocity profiles obtained from the model MEDIUM.
We have performed ten simulations varying ±15%, ±30%, ±45%, ±60%, and ±75% the
reference value of m. The resulting density and velocity profiles are shown in panels (a) and
(b) of Figure 2, respectively. The profile in dark-red corresponds to the lowest mass (2.75 ×
1015 g), while the profile in light-orange corresponds to the highest mass (1.925 × 1016 g).
We can see from density profiles that, as the expelled CME mass decreases, the ICME
structure (shock front plus compression region) last for a longer time, and the transit time
is longer. In addition, the density profiles show that the compression region morphology
smoothens (the two peaks vanished) and the rarefaction is less deep. On the other hand, the
velocity profiles predicts stronger arrival shocks (higher velocity jumps) for higher mass erup-
tions. Also, it can be observed in each profile, a second peak velocity that may be related with
a contact discontinuity evolving into the rarefied zone. It is noticeable that this second jump is
more perceptible for models with high mass eruptions.
Furthermore, we carried out numerical simulations in which the duration of the eruption
was changed. In the middle panels of Fig. 2, we present the density and velocity profiles
(left and right, respectively) which are predicted by ten different simulations. The adopted
time variation is of ±20 min, ranging from the minimum duration of 20 min (dark blue) to
the maximum duration of 220 min (light blue). It can be seen from the figure that the adopted
variations of the CME duration result in arrival times of the shock structure at 1 AU that differ
less than one hour among the models. We also note that the main features of the density profiles
are very similar to that obtained from the reference model MEDIUM (black line), while the
velocity profiles show a second maximum more distant behind the leading shock front as the
duration of the eruption increases.
Finally, we computed ten more simulations varying the injection velocity of the CME by
±10%, ±20%, ±30%, ±40%, and ±50%, with respect to the model MEDIUM. In Figure 2
(bottom panels), the predicted density and velocity profiles are presented. The darkest green
represents a model with an injection velocity of 665 km s−1, while the lighter one corresponds
to a model with an initial speed of 1995 km s−1. As expected, it is shown that the arrival time
at 1 AU is shorter as the CME velocity increases. In addition, it can be seen from the density
profiles that the detection of the compression region, and the corresponding rarefaction zone
as well, last for longer times in higher speed models. The transition between both regions
becomes steeper for lower injection velocities. We also note that deeper and more extended
low-density regions are produced behind the shock wave as the injection velocity of the CME
increases.
As it can be seen in Figure 2, it is remarkable the dependence of the model predictions
with the remote sensing observations. In particular, variations of the injection velocity of the
CME produce the major changes in the predicted density and velocity profiles. Nonetheless,
we cannot arbitrarily change this parameter as the estimation of the measured velocity has the
lowest observational error of ±20 km s−1 (Yashiro et al. 2004 & Xie et al. 2004). On the
other hand, there are large discrepancies in the computation of the total mass of a CME with
differences up to two orders of magnitude in the same event (as instance, see Stewart et al.
1974; Howard et al. 1985; Hundhausen et al. 1994; Colaninno et al. 2009; Vourlidas et al.
2010; Mishra et al. 2015). Therefore, it is possible to change this parameter in a wider range
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Figure 2: Predicted density and velocity profiles as function of time for numerical models with
different input parameters (expelled mass m, duration ∆t, and ejection velocity v) of the CME. The
models are performed varying only one parameter, and the others are fixed. Orange profiles (top
panels) are obtained from variations of m; blue profiles (middle panels) correspond to different
values of ∆t; and green profiles (bottom panels) are calculated changing v. The color bars at the
right side show the variation of each parameter, and the black lines correspond to the predicted
profiles of the reference model with m = 1.1 × 1016 g, ∆t = 2.0 h, and v = 1330 km s−1. See the
text for further description.
of values to improve the fit between the models and the observations at 1 AU.
It is worth to mention that we did not perform simulations varying the angular width (or
the solid angle Ω) of the CME, due to the fact that the expelled mass m = m˙∆t ∝ Ω, and
therefore by varying Ω we have similar profiles to those obtained from changes of the total
mass. Moreover, variations of the solid angle less than 0.17 rad produce effects in the predicted
profiles that can be neglected.
3.2 Models for different parameters of the solar wind
In order to investigate the dependence of the predicted density and velocity profiles at 1 AU
with the initial conditions of the solar wind, we have performed numerical simulations varying
the ejection velocity vSW, and the mass-loss rate m˙ of the wind. As a reference model, we have
adopted vSW = 650 km s−1, and m˙ = 9.27 × 10−15 M y−1. Furthermore, in these simulations
we have fixed the CME parameters, assuming an ejection speed v =1330 km s−1, and an
expelled mass m = 1.1 × 1016 g, during an interval of time ∆t =2.0 h. The resulting profiles
are presented in Figure 3), in which the black lines depict the reference model.
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Figure 3: Predicted density and velocity profiles as function of time for numerical models with
different solar wind conditions (mass-loss rate m˙, and ejection velocity vSW). These models are
computed from variations of one parameter, and the other is fixed. Orange profiles correspond
to variations of m˙ of the pre-eruptive wind (panels a-b) and post-eruptive wind (panels c-d); and
green profiles are obtained for different values of vSW of the pre-eruptive wind (panels e-f), and
post-eruptive wind (panels g-h). The variations of each parameter are shown in the color bars at
the right side of the figure. The reference models are depicted with black lines, which correspond
to a solar wind with an ejection velocity vSW =650 km s−1 and m˙ = 9.27 × 10−15 M y−1. The
detailed description of the figure is given in the text.
First, we assume that the mass-loss rate of the pre-eruptive wind (Fig. 3: panels a-b),
and the corresponding value of the post-eruption wind (Fig. 3: panels c-d), changes by ±15%,
±30%, ±45%, ±60%, and ±75%, with respect to the reference parameter m˙ = 9.27 × 10−15 M
y−1. The predicted density and velocity profiles at 1 AU are presented. The models with the
lowest value of the mass-loss rate (m˙ = 2.31 × 10−15 M yr−1) are depicted with dark-red lines,
while the models with the highest value (1.62 × 10−14 M yr−1) are shown with light-orange
lines. We can see from panel (a) that longer transit times occur as the mass-loss rate of the
pre-eruptive wind increases, as it is expected since the pre-eruptive wind slows the ejection.
Besides, more extended compression regions and less-deep density drops are observed. In
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addition, it is observed in panel (b) that as lower is the mass-loss rate of the wind, stronger
shocks arrive at Earth, as well as the detection of the shock wave and the rarefaction zone last
for longer times. On the other hand, variations in the mass-loss rate of the post-eruption wind
show that both the density and velocity profiles (panels c-d) are very similar in all models.
Then, this parameter has no significant effect on the dynamics of the shock structure, that is,
the arrival time and speed of the leading shock are not modified. As it is expected, only the
rarefied zone behind the compression region is affected.
Also, we compute numerical models assuming that the ejection velocity of the pre-eruptive
wind (Fig. 3: panels e-f), or the corresponding speed of the post-eruption wind (Fig. 3: panels
g-h), changes by ±10%, ±20%, ±30%, ±40%, and ±50% with respect to the reference value
vSW = 650 km s−1. We present in these panels the density and velocity as function of time at
1 AU predicted by our simulations. The models with the highest speed correspond to vSW =
950 km s−1 (light-green lines), while those with the slowest speed correspond to vSW = 325 km
s−1 (dark-green lines). We note from the density profiles that as the pre-eruptive wind velocity
decreases, the transit time of the leading shock is longer, as well as the compression region is
more extended and the rarefied zone is denser. Moreover, the velocity profiles show stronger
arrival shocks in the lower velocity models. On the other hand, the resulting profiles from
variations of the velocity of the post-eruption solar wind show that the compression region
is not modified in these simulations, but obviously, the rarefaction zone is more extended in
the lower-velocity models. Consequently, observations at 1 AU of the ICME structure, which
consists of the shock front and the compression region, might not depend on the post-eruption
solar wind conditions.
We note from our simulations that the density in the the rarefaction zone reaches very low
values. This is a limitation of our model, the density may reach higher values in this region
whether the magnetic field is included.
3.3 Parametrization
Based on the previous exercise, we investigate possible correlations between the physical prop-
erties of the ICME at 1 AU and the injection parameters of the CME. Our results are summa-
rized in Figure 4, where we present (in percentage) the variations of the arrival velocity (panel
a), the travel time (panel b), the total extension (panel c), the compression region extension
(panel d), the density enhancement (panel e), and the density drop (panel f) of the ICME as
function of the injection parameters of the CME. 3
In the figure, diamonds (connected by dotted lines) correspond to variations of the initial
solar wind parameters, and plus symbols (connected by solid lines) display variations of the
CME parameters. Besides, the predicted results obtained varying the mass-loss rate are de-
picted in orange, while those obtained from changes of the velocity are shown in green color.
Black plus symbols connected by solid lines represent variations of the CME duration.
3We call total extension, the interval of time in which the parameters of SW have changed, which includes the
compression region and the rarefaction zone. The interval of time starts with the arrival at 1 AU of the leading shock
and ends when the SW conditions resume again. This extension can be seen clearly in the velocity profile, with the
arrival of the shocked structure driven by the ICME, when the speed suddenly increases and then, returns back to the
SW speed. Whereas the compression region extension is the interval of time delimited by the increase of density. It
starts with leading shock and ends when this parameter returns to the value of the ambient solar wind.
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Figure 4: Numerical results of the ICME structure at 1 AU as function of the initial parameters.
Percentages of variation of arrival velocity (panel a), travel time (panel b), total extension (panel c),
compression region extension (panel d), density jump at the shock front (panel e), and density drop
in the rarefied zone (panel f) are presented. Changes as function of the CME injection parameters
are shown with plus symbols connected with solid lines, while diamonds connected with dotted
lines correspond to variations as function of the solar wind conditions. In both cases, variations
of the mass-loss rate and injection velocity are depicted in orange and green, respectively. Plus
symbols connected with black solid lines show the results obtained by changing the duration of the
CME.
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Important features can be seen in the figure. We note first that the CME duration has no
significant effect on the arrival parameters of the ICME, and consequently, the black solid
lines are roughly flat in all panels. This happens because the total mass of the CME and speed
remain fix for all the simulations in which the duration time was changed, therefore, the total
momentum is the same for all cases.
When possible, we have fitted analytical expressions to the relationship between CME and
ICME variations in percentage. The variations of the arrival velocity depend on changes of the
CME parameters (speed and mass-loss rate, panel a) as follows, ∆vARR = −85.92 + 1.84 ∆v,
and ∆vARR = −95.96 exp(−0.014 ∆m˙)+123, respectively, where the mass-loss rate of the CME
is defined as m˙ ≡ m/∆t. On the other hand, by varying the solar wind conditions, we found:
∆v = 71.46+0.92∆vSW−0.01∆v2SW, and ∆v = 98.85 exp(−0.007∆m˙SW)+53. It is noteworthy that
there is an asymptotical behavior of the arrival velocity with a limit of ∼ 23% when the CME
mass increases. For the travel time (panel b), we found that it is more affected by variations of
the injected velocity of both the solar wind, ∆TT = 1087.68 exp(−0.022 ∆vSW) − 19, and the
CME, ∆TT = 299.93 exp(−0.0180 ∆v) + 50).
The total extension of the ICME structure tEXT (panel c) is a function of v and vSW as
∆tEXT = −264.70 exp(−0.018∆v) + 142, and ∆tEXT = −138.61 exp(−0.028∆vSW) + 108), with
asymptotic values of 42% and 8%, respectively. The compression region extension sEXT (panel
d) is more influenced by vSW and m˙ as: ∆sEXT = 1205.85 exp(−0.025∆vSW) + 4, and ∆sEXT =
82.24 exp(−0.012∆m˙) + 79. Furthermore, we found that the density jump nJ (panel e), when
the shock front arrives at 1 AU, depends on the variations of the solar wind conditions as: ∆nJ =
11.73 + 0.86 ∆m˙SW, and ∆nJ = 114.742− 0.111 ∆vSW − 0.001 ∆v2SW. For the CME parameters, a
good fit between the injection speed and the density jump is given by ∆nJ = 128.32 − 0.30 ∆v.
It is interesting that the density jump is not affected at higher values of the expelled mass of
CME. Finally, the density drop nD in the rarefied zone depends on the solar wind parameters
as ∆nD = −0.05 + 0.98 ∆m˙SW, ∆nD = 500.14 exp(0.025∆vSW) + 60, but no dependence with the
injection parameters of the CME is obtained from the simulations.
The ICME morphology is very important in terms of space weather. For instance, the
compression region extension, speed and density jumps may be used to predict sudden storm
commencement of geomagnetic storms (Huttunen et al. 2005 & Despirak et al. 2009). There-
fore, this exercise may help predict the effects of a CME at the Earth environment. Although,
it is necessary to know the information of the magnetic field strength and polarity to predict
the geomagnetic storm completely.
3.4 Comparison with observations
We apply the parametric study presented above in order to find the best fit to the in-situ ob-
servations of the event of July 25, 2004 (black solid line). The ICME starting time was July
26, 2004 22:25 and the ending time was July 27, 2004 23:59 according to the Wind ICME
Catalogue (http : //wind.nasa.gov/index WI ICME list.htm), corresponding to the ICME
duration of 25.56 h.
In Figure 5, we show the density and velocity profiles obtained by two different models:
the model MEDIUM (see, Table 1) is presented with the green line, whereas our best fit to
the observations is depicted with the orange line. We have adopted the initial solar wind
parameters vSW = 595 km s−1 and m˙SW = 1.28 × 10−13 M yr−1, obtained by reducing by
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Figure 5: Profiles of density (left panel) and velocity (right panel) as function of time for two
different models. The model MEDIUM is shown in green while in orange a model in which we
reduced the solar wind speed ∼ +8% and increased the CME mass-loss rate ∼ +50%. The in
situ data obtained by WIND are shown in black lines with a smooth of 15 minutes which is our
computational time.
∼ 8% and increasing by ∼ 50% the original values of the model MEDIUM, respectively. We
note that our model predicts a duration of 27.5 h, that is, less than two hours of difference
with the observed value. In terms of the duration of the compression region, our numerical
model predicts a duration of 4.5 h, and then, we get a difference with observations of 1.72
h. In addition, we have a difference in the transit time ∆TT < 0.1 h. Hence, our numerical
results are in agreement with observations at 1 AU. Nevertheless, it is worth to mention that
our predicted density profile, as well as the one obtained from the model MEDIUM, shows a
rarefaction zone that is not consistent with observations.
This discrepancy between the predicted and observed profiles results from assuming the
same conditions in both the pre-eruptive and post-eruption winds. However, it was shown in
our parametric study, that the rarefaction zone is more extended as the velocity of the post-
eruption wind decreases (see, Fig. 3). The duration of the complete structure enlarges or
shortens depending on the conditions of the post-eruption solar wind. This is very important
to consider when characterizing the duration and structure of the ICMEs.
In Figure 6, we show in orange the best fit to observation while in red a new model in
which the speed of the post-eruption solar wind has been decreased to vSW2 =325 km s−1.
Figure 6: Profiles of density (left panel) and velocity (right panel) as function of time for two
different models. Our best fit model is shown in orange while in red a model in which the post-
eruption solar wind was slower down to vSW2 =325 km s−1. It results in a better fit of the rarefaction
zone. The in situ data obtained by WIND are shown in black lines with a smooth of 15 minutes.
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4 Numerical simulations of ICME-ICME interaction
events
We studied three different events (May 23, 2010; August 1, 2010; and November 9, 2012) on
which two successive CMEs were launched in similar directions into the IPM. Using the model
described in §2, we investigate through numerical simulations the ICME-ICME interactions
and their dynamical evolution.
4.0.1 Event of May 23, 2010
LASCO (on board of SoHO spacecraft; Brueckner et al. 1995) detected the first eruption
(CME1) on May 23, 2010 at 18:06 UT, with a velocity v1 = 400 km s−1, and a total mass
m1 = 1.5 × 1016 g. The estimated duration of the eruption (from its brightness distribution;
see Lara et al. 2004) was ∆t1 = 2.85 h. Using these parameters, the computed mass-loss rate
during the CME1, within a solid angle Ω1/4pi ' 0.07, is m˙1 = 3.46 × 10−13 M yr−1. The
second eruption CME2 was observed by LASCO on May 24, 2010 14:06 UT, therefore, the
interval of time between the two eruptions was ∆tSW = 17.15 h. The velocity and the computed
mass for this eruption are v2 = 650 km s−1 and m2 = 1.0 × 1016 g, respectively. We estimated
a duration ∆t2 = 3.71 h, and consequently, a mass-loss rate m˙2 = 1.32 × 10−13 M yr−1 within
a solid angle Ω2/4pi ' 0.09. For the solar wind, we have assumed a velocity vSW = 320 km s−1
(that corresponds to the measured in situ value by WIND spacecraft on May 28, 2010 01:00
UT), and a mass-loss rate m˙SW = 2 × 10−14 M yr−1 (Wood et al. 2002; Cranmer 2004).
In Figure 7, we present in green the density (left panel) and the velocity (right panel)
profiles at 1 AU of our numerical model. As it was shown in §3.3, it is possible to get a better
fit to observations varying some of the initial conditions. We have reduced by 75% the CMEs
mass-loss rates (m˙1 = 8.65 × 10−14, and m˙2 = 3.3 × 10−14), and also, by 20 km s−1 the CME
speeds (v1 = 380 km s−1, and v2 = 630 km s−1). Assuming these changes, we obtain the
profiles depicted with orange lines in the figure. From the comparison with observations, we
obtain a difference between the observed and predicted arrival velocities < 10 km s−1, while
the arrival density differs < 10 cm−3 with respect to the observed value. In addition, we obtain
a difference < 0.1 h for the arrival time.
In Figure 8, we present the density (left panels) and velocity (right panels) profiles, at
heliospheric distances R = 0.2, 0.4, 0.6, 0.8 and 1.0 AU (from bottom to top) predicted by our
model for the event of May 23, 2010. In the figure, we have tagged the different plasmas with
colored plus symbols as follows: the pre-eruptive wind (in blue), the first CME (in red), the
solar wind between the eruptions (in aqua), the second CME (in yellow), and the post-eruption
wind (in green).
It is noteworthy that the third shock predicted in the velocity profile may be due to the
lack of the magnetic field which inhibits the compression process. In the observed profiles, the
presence of the magnetic field vanish any possible shock structure inside the rarefaction zone.
We predict the ICME-ICME collision at a time t ' 77.29 h after the first CME is launched,
and at a distance R ' 0.8 AU from the Sun. Beyond this distance, a single merged region
is formed containing the material expelled during both eruptions. Afterwards, this region
decelerates with time, reaching the Earth at a time tARR ' 97.5 h, with an arrival speed vARR =
417 km s−1. These numerical predictions are consistent with the observed arrival time of '101
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Figure 7: Predicted density (left panel) and velocity (right panel) profiles at 1 AU of the event
of May 23, 2010. Observations in situ by WIND spacecraft are also shown (black line). The
numerical simulation assuming the reported parameters of the two CMEs corresponds to the green
line, whereas the numerical model depicted with the orange line is obtained by reducing 75% the
expelled mass during the eruptions, and 20 km s−1 the ejection velocities of the CMEs. We have
smoothed observations of the event every 15 min, in order to be consistent with the numerical
simulations. Further description of the figure is given in the text.
h, and the measured speed in situ of ' 380 km s−1 (see, for instance, Lugaz et al. 2012).
Moreover, our numerical simulations are in good agreement with analytic results reported
by Niembro et al. (2015) for the May 23, 2010 event. These authors predicted that the ICME-
ICME interaction occurred at a time ' 75.08 h, and at a distance ' 0.69 AU from the Sun.
Additionally, the predicted arrival time and velocity of the merged region are ' 105.19 h, and
' 427 km s−1, respectively.
We note that in Lugaz et al. (2012), it is argued that the CME2 did not reach WIND
spacecraft because of its deflection from the interaction with the CME1. They stated that the
density and velocity profiles observed are only due to the arrival of CME1. Nevertheless,
we assumed that both CMEs were ejected in the same direction and the deflection did not
take place. Our simulation reproduces well the observations and shows that there are features
corresponding to both CMEs. Consequently, that the structure observed by the spacecraft at 1
AU may include material from both CMEs. A more detailed analysis of this event is required.
4.0.2 Event of November 9, 2012
On November 9, 2012 (see Mishra et al. 2015 for more details of this event), two successive
earth-directed CMEs were launched and detected by STEREO/SECHI (Howard et al. 2008).
The CME1 was expelled from the Sun on November 9, 2012 at 17:39 UT, while the CME2
was observed on November 10, 2012 at 06:39 UT. For CME1, we assume that a mass of
m1 = 4.66×1015 g was expelled during ∆t1 '1.55 h, with a mean velocity of v1 = 500 km s−1.
The estimated mass-loss rate of the eruption is m˙1 = 9.04×10−14 M yr−1, within a solid angle
Ω1/4pi = 0.14. During the CME2, a mass of m2 = 2.27 × 1015 g was expelled with a mean
velocity of v2 = 1100 km s−1. This second eruption last ∆t2 '2.5 h, obtaining a mass-loss rate
of m˙2 = 4.42 × 10−14 M yr−1 within a solid angle Ω2/4pi = 0.09. For the solar wind, we have
adopted an ejection velocity vSW = 300 km s−1 and a mass-loss rate m˙SW = 1.5 × 10−14 M
yr−1.
In Figure 9, we present the predicted profiles of density (left panel) and velocity (right
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Figure 8: Profiles of density (left panels) and velocity (right panels) as function of time for different
heliospheric distances (from bottom to top: 0.2 AU, 0.4 AU, 0.6 AU, 0.8 AU and 1.0 AU) for the
event of May 23, 2010. The interaction took place at a distance of R ' 0.8 AU (which corresponds
to a time of ' 77.29 h). According to our numerical model, the complex structure formed after
the collision arrived to the Earth '97.5 h after the first CME was launched. The model predicts an
arrival ICME speed of 417 km s−1). We tagged each plasma with crosses colored: the solar wind
before CME1 in blue, the CME:1 in red, the solar wind between the CMEs in aqua, the CME2 in
yellow and the solar wind after the CME2 in green.
Figure 9: Same as Fig. 7, but for the event of November 9, 2012. The mass-loss rates of the
pre-eruptive wind has been increased 20%, the expelled mass of the CMEs 50%, and their speeds
20 km s−1. The discussion of the figure is given in the text.
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panel) as function of time, assuming the above values (green lines). Also a comparison with
the observed profiles (black lines) is shown. The observations are smoothed by intervals of
time of 15 min, which corresponds to our numerical outputs. It can be seen from the figure
that the merged region reaches the Earth at a time 105 h (a difference with the observed arrival
time of more than 8 h), with a speed of 430 km s−1, which differs only 15 km s−1 from the in
situ data, and a density of 23 part cm−3, that differs more than 10 part cm−3.
Our best fit to observations (orange line is obtained assuming a mass-loss rate of the solar
wind m˙SW = 1.8 × 10−14 M yr−1, which is 20% higher than the original value. The mass-loss
rates of the CME1, and CME2 are increased 50%, thus m˙1 = 1.356 × 10−13 M yr−1, and
m˙2 = 6.63 × 10−13 M yr−1, respectively. This model differs 25 km s−1, and < 10 part cm−3
with respect to the arrival velocity and density of the merged region. The arrival time is exactly
the same as the observations.
In Figure 10 we show the predicted time-sequence of density (left) and velocity (right)
profiles for the event of November 9, 2012. The simulation predicts that the ICME-ICME
interaction occurs at a time ' 35 h after the first eruption, at a heliospheric distance of '
0.18 AU, and then, a merged region is formed. Therefore, these predictions differ from the
observations by 2 h, and 0.2 AU, respectively.
It is interesting to note that the evolution of the compression region after the interaction is
variable. This is due to the fact that there is no interchange of material between both interacting
ICMEs. In this case, the masses of the CMEs are similar in which changes in the two peaks of
the density profiles are observed.
This event is reported by Mishra et al. (2015), in which three different components are
identified within the arrival merged region at 1 AU: a shock front followed by a compression
region, the CME1, an interaction region, and the CME2. We performed our simulations taking
into account only the CMEs and not the interaction region. Our simulation shows that the
CME2 (v2 = 1100 km s−1) overtook the CME1 (v1 = 500km s−1) at 0.18 AU (Figure 10), mak-
ing impossible the existence of the Interaction Region at 1 AU. This event is a good example
of how difficult is the identification of the distinct components of complex regions.
The numerical predictions are consistent with observational values, as well as with analytic
predictions reported by Niembro et al. (2015). The observations suggest that the collision
occurred 19 - 36 h after the CME1 was launched, at a distance of 0.16 - 0.46 AU. The observed
arrival time of the merged structure was ' 96 h, with a velocity ' 450 km s−1. On the other
hand, Niembro et al. (2015) predict that the CMEs collide at ' 34.97 h, when they are located
at a distance ' 0.32 AU. In their models, the merged region arrives to the Earth ' 99.23 h after
the first eruption, with a velocity of ' 423 km s−1.
4.0.3 Event of August 1, 2010
In the August 1, 2010 event, three successive CMEs were detected (e.g. Temmer et al. 2012;
Harrison et al. 2012 and Liu et al. 2012). Nevertheless, this event has been frequently studied
as the interaction of two consecutive CMEs. Here, we just consider the interaction between
the last two ejections (here in after CME1 and CME2). The CME1 was launched on August
1 2010 at 02:55 UT, with a speed of v1 = 732 km s−1 during an interval of time of ∆t1 '1.1
h and a m1 = 8.0 × 1015 g, that result in a mass-loss rate m˙1 = 2.74 × 10−13 M yr−1, within
a solid angle Ω1/4pi = 0.12. The CME2 was launched from the Sun on August 1 at 7:45
UT, with the outflow parameters, v2 = 1138 km s−1, and m2 = 3.0 × 1016 g, within a solid
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Figure 10: Same as Fig. 8, but for the event of November 9, 2012. In this event, the interaction
is predicted at a distance of R ' 0.18 AU, which corresponds to a time of t ' 35 h. The predicted
arrival time and velocity (at 1 AU) of the merged structure is 75 h after the first eruption, and 470
km s−1, respectively.
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Figure 11: Same as Fig. 7, but for the event of August 1, 2010. The best fit is obtained reducing
less than 35% the mass-loss rate of the CMEs, and less than 5% their initial speeds. The description
of the figure is given in the text.
angle Ω2/4pi = 0.18. This eruption last ∆t2 ' 1 h and, and thus, m˙2 = 7.39 × 10−13 M yr−1.
For the solar wind, we assume an ejection velocity vSW = 410 km s−1, and a mass-loss rate
m˙SW = 2 × 10−14 M yr−1 (see, for instance, Wood et al. 2002; Cranmer 2004).
Figure 11 shows the predicted profiles of density (left panel) and velocity (right panel).
as function of time (green lines). Observations in situ by WIND spacecraft are also presented
(black line), which are smoothed by intervals 15 minutes, as in the previous events. It can be
seen in the figure that the numerical results are not consistent with observational data, since
the arrival time and velocity differs more than 20 h and 200 km s−1, respectively.
Our best fit model (orange line is obtained with the input parameters of the CMEs, v1 = 700
km s−1, v2 = 1100 km s−1, m˙1 = 3.014× 10−13 M yr−1, m˙2 = 9.9765× 10−13 M yr−1. In this
model, the arrival velocity differs < 5 km s−1, whereas the density difference is ' 3 part cm−3
with respect to the in situ data.
In Figure 12, we present a distance-sequence of density for the August 1, 2010 event. The
density stratification at heliospheric distances R = 0.2, 0.4, 0.6, 0.8 and 1.0 AU are shown.
The numerical simulation predicts that ICME-ICME interaction occurs at a distance ' 0.19
AU, which corresponds to an evolution time ' 15 h after the first eruption. The merged region
reaches the Earth with a speed of ' 595 km s−1, 60.3 h after the CME1 is launched. We note
that our numerical results are consistent with the observational data which suggest that the
collision occurred at a time ' 12.91 h after the first eruption, at a heliospheric distance ' 0.16
AU. Besides, the observed arrival time of the merged region was ' 60.3 h, with a velocity '
600 km s−1. In addition, Niembro et al. (2015) obtained similar predictions for this event.
They showed that the CMEs collide at ' 13 h, when they are located at a distance ' 0.2 AU.
Also, these authors computed an arrival time of the merged region ' 52.3 h, with a velocity of
' 726 km s−1.
5 Conclusions
In order to study the dynamics, evolution and time profile at 1 AU of CMEs traveling into the
interplanetary medium, as a function of the initial conditions of both: the ambient medium and
the CME, we carried out a parametric study, using as reference the (single) CME event ob-
served on July 25, 2004. By running numerical simulations varying the initial parameters, we
found that the CME time duration has the lowest influence on the ICME time profile morphol-
19
Figure 12: Same as Fig. 8, but for the event of August 01, 2010. In this event, the interaction is
predicted at a distance of R ' 0.19 AU at a time ' 15 h after the first eruption. The merged region
arrives to the Earth with a speed of 595 km s−1, at an evolution time ' 60.3 h
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ogy, while the parameter with major influence on this profile is the CME velocity, followed
by the CME mass-loss rate. This means that if we want to fit an observed ICME profile, we
may vary the speed and/or the mass loss rate. Although, taking into account the observational
uncertainties, we have ∼ 20% of variation range over the speed, but we may vary the CME
mass loss rate over a large range of values, because this is the parameter with the highest ob-
servational uncertainty, then, varying these parameters, we were able to reproduce the arrival
time and the most important features of the speed and density profiles of our reference event.
In general, the compression region morphology depends on the pre-eruptive ambient so-
lar wind and the CME parameters while the rarefaction zone structure depends on the CME
parameters and the post-eruptive ambient solar wind conditions. With this in mind, we per-
formed a simulation assuming a post-eruptive solar wind speed slower than the pre-eruptive
one, and we were able to accurately predict the duration of the rarefaction zone. It is clear that
the rarefaction is due not only to the presence of the magnetic cloud, but the conditions of the
post-eruptive solar wind are very important for its duration. Therefore, this effect should be
considered when characterizing the duration of the ICMEs.
Commonly, the studies of the ICME transport focus in the accurate prediction of the travel
time and arriving velocity. Therefore, this parametric exercise is of utmost importance as
it gives the relation of the speed and density profiles with the injection parameters, as well as
clues of how the predictions of most of the hydrodynamic models can be improved by changing
the CME mass-loss rate and/or the post-eruptive ambient solar wind conditions.
We use the results of our parametric study to simulate the CME interaction events detected
and tracked as they rushed outwards into space on May 23, 2010; August 1, 2010; and Novem-
ber 9, 2012. The YGUAZU´-A code used in our simulations, is able to tag the different flows
involved in the interaction, i. e., the pre- and post-eruption ambient solar winds and both inter-
acting CMEs. With this, we were able to identify the individual components (ICMEs) of the
complex merged regions observed at 1 AU. This is an excellent tool to analyze complex events
and helps in its identification at 1 AU.
In summary, following our parametrization method, we found that the best predictions of
the arrival time (matching the exact time of the observations) were obtained, in general, by
sub-estimating the reported CME mass-loss rates. We found that our models can explain accu-
rately the most important features of the speed and density profiles, and are able to distinguish,
inside the merged region, the contribution of each of the interacting ICMEs. This study shows
that the main characteristics of the ICME interaction can be obtained by studying the system
hydrodynamically.
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A The formation and evolution of a two-shock struc-
ture
The interaction between two supersonic flows with increasing velocities must produce two
shocks, since there is no way one shock can generate jump changes that can match the two
flows (e.g. Pikelner 1968; Dyson & de Viers 1972). These authors pointed out that the injection
of highly supersonic gas into the surroundings results in the formation of a shell between
two shocks, with an outward shock that sweeps up the ambient medium and an inward shock
that decelerates the high-velocity outflow. In principle, a contact discontinuity separates the
shocked material of the surroundings and the shocked injected gas. This scenario has been
studied for the impact of a stellar wind on the surrounding gas (eg. Dyson and Williams 1997),
and also, on the origin of Planetary Nebulae, where a stellar wind from an evolved low-mass
star interacts with the stellar wind of its previous phase of red giant (see, for instance, Kwok,
Purton & Fitzgerald 1978). The same physical process occurs in the case of a Coronal Mass
Ejection (CME) that interacts with the ambient solar wind. The onset of the CME is assumed
to occur suddenly, during a finite interval of time, which is ejected with a higher speed than
the standard solar wind. Consequently, the interaction between the CME and the ambient
24
solar wind must produce a double-shock structure (see Raga et al. 1990; Canto´ et al. 2005),
which dynamical evolution can be studied using the parametric method developed by Canto´,
Raga & D’Alessio (2000). For this time-dependent variability of the outflow phases (the CME
and the solar wind), the shocked layer suffers two distinct stages on its dynamical evolution
(see, Niembro et al. 2015, § 2.1). Initially, it propagates outwards with constant velocity,
which is an intermediate value between the fast CME and the slower solar wind. Once all the
mass expelled during the CME has entered the shocked shell, it is decelerated as it propagates
into the slower solar wind. In this second final stage, the shell velocity steadily decreases
asymptotically approaching the velocity of the ambient solar wind.
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